INTRODUCTION
============

The term 'epigenetic' refers to heritable changes regulating gene expression that are not a result of changes in the primary DNA sequence. In cancer, aberrant epigenetic silencing of tumour-suppressor genes is a common occurrence that is associated with abnormal DNA methylation patterns and changes in covalent histone modifications \[[@B1]\]. These histone modifications, including acetylation, methylation and phosphorylation, play major roles in the regulation of chromatin structure and gene transcription \[[@B1]\], with each modification having a context-dependent association with transcriptional activation or repression. For example, H3K4 (histone H3 Lys^4^) methylation is associated with transcriptional activation, whereas H3K9 (histone H3 Lys^9^) methylation is associated with transcriptional repression. Histone methylation is catalysed by HMTs (histone methyltransferases), and methyl marks are removed by the catalytic activity of enzymes such as the FAD-dependent LSDs (lysine-specific demethylases) LSD1 and LSD2 \[[@B2]--[@B4]\] and the Jumonji C domain-containing histone demethylases \[[@B5]\]. Structural studies have shown that LSD1 has three major domains: an N-terminal SWIRM (Swi3p/Rsc8p/Moira) domain, a C-terminal AOL (amine oxidase-like) domain and a central protruding Tower domain \[[@B6]--[@B8]\]. The C-terminal domain has a significantly high sequence homology to the polyamine oxidases that belong to the FAD-dependent enzyme family \[[@B2],[@B9]\]. The Tower domain represents a binding surface for the LSD1 co-repressor partner protein CoREST \[REST (RE1-silencing transcription factor) corepressor 1\]. HDACs (histone deacetylases), including HDAC1 and HDAC2, have also been demonstrated to be members of some LSD1 core complexes. HDAC activity deacetylates histone H3 lysine residues, which permits the binding of CoREST to the nucleosome \[[@B10]\]. Furthermore, the SWIRM domain makes close interactions with the AOL domain, forming a highly conserved cleft, which may serve as an additional histone tail-binding site \[[@B6],[@B10],[@B11]\]. LSD1 demethylates H3K4me2 (dimethyl)/H3K4me1 (monomethyl) through an oxidative reaction that leads to the reduction of the protein-bound FAD cofactor and the production of H~2~O~2~ and formaldehyde \[[@B12]\].

The activity of LSD1 has been proposed to be essential for mammalian development and has been implicated in many important cellular processes, including proliferation, differentiation, haematopoiesis, adipogenesis, maintenance of DNA methylation and tumorigenesis \[[@B13]--[@B22]\]. Through interactions with various transcription factors including the AR (androgen receptor) \[[@B23],[@B24]\], ER (oestrogen receptor) \[[@B25]\] and co-repressor complexes, LSD1 impacts transcription by demethylating H3K4. Further, LSD1 has been suggested to demethylate H3K9 and non-histone substrates such as p53 and DNMT1 (DNA methyltransferase 1) \[[@B13],[@B18],[@B26]\]. It has been reported that DNMT1 can be methylated by SET7/9 (SET domain-containing histone methyltransferase 7/9) and demethylated by LSD1 *in vitro*. Loss of LSD1 in ES (embryonic stem) cells induces a progressive loss of DNA methylation that correlates with a decrease in DNMT1 protein resulting from reduced DNMT1 stability \[[@B13]\]. Furthermore, LSD1 has been implicated in the demethylation of K370me2 (dimethylated Lys^370^) of p53. This proposed demethylation is thought to cause inactivation of p53 by inhibiting both the ability of p53 to bind to DNA and its association with 53BP1 (p53-binding protein 1) \[[@B26]\]. In addition, it has been suggested that LSD1 deficiency delays the p53 stabilization that is induced by DNA damage, leading to a delayed induction of p21 \[[@B18]\]. These results implicated LSD1 as an oncoprotein by inactivating p53, consistent with the fact that LSD1 is overexpressed in various human tumours \[[@B25],[@B27]--[@B31]\].

To identify LSD1 targets and further our understanding of the role of LSD1 in tumorigenesis, we have generated LSD1 heterozygous (*LSD1^+/−^*) and homozygous (*LSD1^−/−^)* knockouts in the human colorectal cancer cell line HCT116. The results indicate that the loss of LSD1 leads to a significant increase in the expression of several genes, consistent with its proposed role as a transcriptional repressor. Surprisingly, the loss of LSD1 had no effect on the cellular levels of either p53 or DNMT1, suggesting that the stability of these proteins is not dependent on LSD1 activity. Finally, microarray data analyses have identified a number of genes whose expression is dependent upon LSD1. Therefore, these *LSD1*-knockout cell lines provide unique tools for the identification of the specific targets of LSD1 and the development of strategies to target the function of the enzyme in tumours.

MATERIALS AND METHODS
=====================

Construction of the AAV (adeno-associated viral) targeting vector
-----------------------------------------------------------------

Targeted knockout of the *LSD1* gene was conducted with a pAAV (AAV plasmid) vector as described previously \[[@B32],[@B33]\]. The generation scheme of the pAAV-based targeting vector is shown in Supplementary Figure S1 (at <http://www.biochemj.org/bj/449/bj4490459add.htm>). HCT116 genomic DNA was used as the template for generating the HAs (homology arms) for gene targeting. Each primer contained a unique restriction enzyme site at its 5′-end. The restriction enzyme sites allowed cloning of HA1 and HA2 into the pSEPT vector. The two HAs flanked a SEPT (synthetic exon promoter trap) element featuring a selection marker gene that was surrounded by two LoxP sites. These LoxP sites facilitated the removal of the selection marker element by transient expression of the *Cre* recombinase. The final construct was assembled by ligation of the NotI sites and includes the two HAs, the SEPT/LoxP cassette and a pAAV shuttle vector that contains AAV ITRs (inverted terminal repeats). The primer sequences used for the PCRs are shown in Supplementary Table S1 (at <http://www.biochemj.org/bj/449/bj4490459add.htm>).

Generation of LSD1 knockouts in HCT116 cells
--------------------------------------------

HCT116 cells were maintained in McCoy\'s 5A medium with 10% FBS (fetal bovine serum) and grown at 37°C in a 5% CO~2~ atmosphere. Fugene transfection reagent (Promega) was used to co-transfect HEK (human embryonic kidney)-293 cells with the recombinant construct pAAV-RC and pHelper virus to establish AAV particles. The HEK-293 cells then underwent three freeze--thaw cycles to release the viral particles for infection into wild-type HCT116 cells. For infection with virus, HCT116 cells were grown in T-75 flasks to \~70% confluence, the AAV particles were added (500 μl into 4 ml of growth medium) and the cells were incubated at 37°C for 4 h. Additional medium was then added to a total of 12 ml, the cells were allowed to grow for 48 h, harvested by trypsinization and then distributed into 96-well plates containing neomycin (0.5 mg/ml) selection medium. Neomycin-resistant colonies were expanded, replicated and pooled. PCR-based screening was used to identify the presence of cells that had undergone homologous integration of the targeting vectors, followed by PCR screening of individual colonies isolated from these positive pools, as described previously \[[@B33]\]. Targeted cells were then infected with an adenovirus encoding *Cre* recombinase to remove the selection cassette, followed by single-cell dilution and screening by PCR to confirm *Cre* recombination. The primer sequences used for the PCRs are shown in Supplementary Table S1.

Western blotting
----------------

The cytoplasmic and nuclear fractions were prepared for Western blot analysis using the NE-PER Nuclear and Cytoplasmic Extraction kit (Pierce). Primary antibodies against LSD1, JARID1 (Jumonji, AT rich interactive domain 1) A and SET7/9 were from Cell Signaling Technology, and antibodies against H3K4me1/2, H3K9me2, HDAC1, HDAC2 and CoREST were from Millipore. Primary antibodies against LSD2, JARID1B and histone H3 were from Abcam and the antibody against DNMT1 was from Sigma. The anti-PCNA (proliferating cell nuclear antigen) monoclonal antibody was purchased from Calbiochem. Dye-conjugated fluorescent secondary antibodies were used to quantify the Western blotting results using the Odyssey Infrared Detection system and software (LI-COR Biosciences).

To test whether the DNA damage response of p53 was altered by the loss of LSD1, 8.0×10^5^ cells were seeded in 10-cm dishes, incubated for 48 h and then treated with 1 μM doxorubicin (Invitrogen) for 8 and 24 h. The cells were washed with ice-cold PBS, harvested and lysed in RIPA buffer \[150 mM NaCl, 50 mM Tris/HCl (pH 7.2), 0.5% Nonidet P40, 1% Triton X-100 and 1% sodium deoxycholate\] containing an EDTA-free protease inhibitor cocktail (Pierce). Total protein was analysed using antibodies against p53 (1:1000 dilution; Cell Signaling Technology), p21 (1:1000 dilution; BD Pharmingen) and actin (1:2000 dilution; Santa Cruz Biotechnology). Dye-conjugated secondary antibodies were used to quantify Western blotting results using the Odyssey Infrared Detection system and software.

COBRA (combined bisulfite restriction analysis) assay
-----------------------------------------------------

Methylation of the LINE-1 (long interspersed nucleotide element 1) promoter was investigated using the COBRA assay as described previously \[[@B34]\]. Genomic DNA from cells was bisulfite modified using the EZ DNA Methylation kit (Zymo Research). PCR was then carried out with Platinum Taq polymerase (Invitrogen), using the bisulfite-modified genomic DNA as the template. The primers for amplification were 5′-TTGAGTTGTGGTGGGTTTTATTTAG-3′ (forward) and 5′-TCATCTCACTAAAAAATACCAAACA-3′ (reverse). The PCR products were purified, digested with the HinfI restriction enzyme, separated by electrophoresis on 6% polyacrylamide gels and visualized by staining with ethidium bromide.

Cell proliferation and cell-cycle analysis
------------------------------------------

To determine the cell growth rate, 7.5×10^5^ cells were seeded in T-25 flasks. At the indicated time points the cells were collected and counted using a T10 Automated Cell Counter (Bio-Rad Laboratories). For DNA histogram analysis, 7.5×10^5^ cells were seeded in T-25 flasks and followed for 3 days. Cells were collected, stained with propidium iodide and analysed using FACS.

Xenograft growth assay
----------------------

Female athymic nude mice, obtained at 4--6 weeks-of-age (Harlan), received subcutaneous flank injections of suspensions containing 1.0×10^7^ cells of the indicated genotype in 100 μl of Hanks buffered saline solution (BD Biosciences). Tumour measurements were initiated 10 days after implantation and measured twice weekly for 7 weeks. The NIH guide for the care and use of laboratory animals were followed in all experiments.

RNA isolation and qPCR (quantitative PCR)
-----------------------------------------

RNA was extracted using the TRIzol® reagent (Invitrogen). First-strand cDNA of HCT116 cells was synthesized using Superscript III reverse transcriptase with oligo(dT)~20~ primers (Invitrogen). Quantitative PCR was performed in a MyiQ single-colour real-time PCR detection system (Bio-Rad Laboratories) using SYBR Green Super mix for iQ (Quanta BioSciences). The primer sequences used for qPCR are shown in Supplementary Table S1. The amplification conditions consisted of a 15 min denaturation step, followed by 40 cycles of denaturation at 95°C for 30 s, annealing at the designated temperature for 30 s and extension at 72°C for 30 s.

Microarray analysis
-------------------

Total RNA was isolated from *LSD1^−/−^, LSD1^+/−^* and parental HCT116 cells using the standard TRIzol® protocol to perform a comparative microarray analysis using an Illumina HumanHT-12 v4 Expression BeadChip platform (Illumina). Statistical analysis for microarray data was performed using R and BioConductor software (<http://www.bioconductor.org/>). Data were normalized by robust spline normalization after variance-stabilizing transformation provided by the lumi package \[[@B35],[@B36]\]. Heat maps were generated using probes with coefficients of variation greater than 0.1.

ChIP (chromatin immunoprecipitation)
------------------------------------

ChIP analysis was performed using Protein A and Protein G Dynabeads® (Invitrogen) as reported previously \[[@B37]\]. Cells were exposed to 1% formaldehyde to cross-link the proteins and 2.0×10^6^ cells were used for each ChIP assay. The antibodies against H3 and LSD1 were from Abcam and antibodies against H3K4me1, H3K4me2, H3K4me3 (trimethyl), H3K9ac (H3K9 acetylation), H3K9me2 and H3K9me3 were from Millipore. Quantitative ChIP was performed using qPCR on the MyiQ single-colour real-time PCR detection system using the enzyme master mix from Quanta. The primer sequences used for qPCR for ChIP are shown in Supplementary Table S1. Sheared genomic DNA was used as a positive control (input) and for the normalization of DNA immunoprecipitated by LSD1. DNA immunoprecipitated by the anti-H3 antibody was used for the normalization of histone H3 modifications.

RESULTS AND DISCUSSION
======================

Generation of LSD1 heterozygous (*LSD1^+/−^*) and homozygous (*LSD1^−/−^*) knockouts in HCT116 cells
----------------------------------------------------------------------------------------------------

To investigate the functions of LSD1 and identify LSD1 target genes, we generated *LSD1* heterozygous and homozygous knockouts in the human colorectal cancer cell line HCT116. For the creation of null alleles, exon 2 of the *LSD1* gene was targeted using an AAV-based targeting vector ([Figure 1](#F1){ref-type="fig"}A). In the targeting vector HA1 and HA2 flank the selectable marker (SEPT)/LoxP cassette, and a stop codon sequence (TAGATAACTGA) is incorporated into HA2. Upon homologous recombination the disruption of exon 2 results in a shift of the correct open reading frame in the SWIRM domain of LSD1, prior to the amine oxidase domain that is essential for catalytic activity. After infection with the targeting vector, drug-resistant clones were selected with G418 and single clones were isolated. PCR-based screening was used to identify the single clones that harboured recombinant alleles. Using primers A and B, only a recombinant allele will generate a PCR product (1.4 kb) because primer B anneals within the SEPT element ([Figure 1](#F1){ref-type="fig"}B, I). After identification of the correctly targeted allele the SEPT element was excised using *Cre* recombinase and its removal was verified by the absence of a PCR product when using primers A and B ([Figure 1](#F1){ref-type="fig"}B, II). This first round of gene targeting resulted in the generation of cell lines that only have a single copy of the wild-type LSD1 (heterozygous), with only one LoxP site flanked by HA1 and HA2. A second round of gene targeting was performed with the heterozygous clones to generate homozygous LSD1-null clones. Primer C anneals at the site flanking the proposed deletion and was paired with the outside primer (primer D) ([Figure 1](#F1){ref-type="fig"}B, III). Primers C and D can amplify both alleles, however, the second targeted allele retains the SEPT element and generates a product that is 2-kb larger than that generated from the first excised allele (the size of the SEPT element; [Figure 1](#F1){ref-type="fig"}B, III). Therefore the homozygous clones are distinguishable from the heterozygous clones by the two different sizes of PCR products. Once successful targeting of the second allele was confirmed a second round of *Cre* infection was used to remove the remaining SEPT element from the second allele.

![Generation of LSD1 heterozygous (*LSD1^+/−^*) and homozygous (*LSD1^−/−^*) knockouts in HCT116 cells\
(**A**) The AAV-based targeting vector showing the two homology arms (HA1 and HA2) targeting exon 2 of the *LSD1* gene and flanking the SEPT/LoxP cassette. A stop codon was added to HA2. After the wild-type HCT116 cells were infected with viral particles, individual drug-resistant colonies were selected and PCR-based screening was done to identify colonies that had undergone homologous integration of the targeting vector. Transient expression of *Cre* recombinase was used to remove the selection cassette from the successfully recombined alleles, therefore restoring the sensitivity of the cells to drug selection and facilitating the targeting of the second allele. (**B**) First-round *LSD1* gene targeting in the wild-type HCT116 cells was performed to generate heterozygous cells (*LSD1^+/−^* cells). Primer A anneals outside of the homology region and primer B is within the SEPT element. Therefore only successful recombination will generate a 1.4-kb PCR product with primers A and B (I). PCR amplification using primers A and B was also used to identify clones from which the SEPT element has been successfully excised following *Cre*-mediated recombination. In this case, the alleles from which the SEPT element was removed did not generate 1.4-kb PCR products (II). The second round of gene targeting in *LSD1^+/−^* cells was performed to generate homozygous LSD1-null clones (*LSD1^−/−^* cells). Primer D anneals at the site flanking the proposed deletion and is paired with outside primer C. If homologous recombination successfully occurs in the second allele, primers C and D can amplify both alleles. However, the second targeted allele retains the SEPT element and generates a product that is 2-kb larger than that generated from the first excised allele (III). Asterisks (\*) indicate the positive clones that were identified from each PCR screen. A second round of *Cre*-mediated recombination was used to remove the remaining SEPT element from the second allele. Either *LSD1^+/−^* or *LSD1^−/−^* clones post *Cre*-LoxP recombination were used in the present study. (**C**) Western blot analysis indicates the loss of LSD1 protein in the nucleus of two independent *LSD1^+/−^* clones and four *LSD1^−/−^* clones that were derived from one of the *LSD1^+/−^* clone. Total H3 was used as a control to normalize for protein loading. qPCR revealed a decrease in *LSD1* mRNA levels due to nonsense-mediated decay following exon 2 disruption. Parental HCT116 cells were used as a control. The *LSD1* mRNA levels were normalized to *GAPDH* (glyceraldehyde-3-phosphate dehydrogenase). Results are means±S.E.M. (*n*=3).](bj2012-1360i001){#F1}

To confirm that the targeting strategy was successful, Western blot analysis for the LSD1 protein and qPCR analysis for *LSD1* mRNA were performed ([Figure 1](#F1){ref-type="fig"}C). As expected, genetic disruption of exon 2 resulted in the complete loss of LSD1 protein and mRNA in the homozygously deleted cells, whereas the heterozygous LSD1 cells did not demonstrate a significant change in protein expression.

The loss of LSD1 in HCT116 cells does not change the global levels of histone marks or non-histone protein substrates
---------------------------------------------------------------------------------------------------------------------

LSD1 has been shown to demethylate H3K4me2, and possibly H3K9me2, but the loss of LSD1 in HCT116 cells did not affect the global levels of H3K4me2 or H3K9me2 ([Figure 2](#F2){ref-type="fig"}A). The co-repressor CoREST, together with HDAC1 and HDAC2, are important binding partners of LSD1 at some promoters. To determine whether the loss of LSD1 resulted in global changes in the protein expression level of these binding partners, Western blot analyses were performed using the nuclear extracts from LSD1 homozygous (*LSD1^−/−^*), heterozygous (*LSD1^+/−^*) and parental HCT116 cells ([Figure 2](#F2){ref-type="fig"}B). It has been reported that the conditional deletion of LSD1 in mouse ES cells resulted in a reduction in the level of CoREST protein expression and associated HDAC activity, resulting in a global increase in H3K56 acetylation, but no change in H3K4 methylation \[[@B15]\]. Consistent with these observations in ES cells, the HCT116 cells exhibited no change in global H3K4me2 levels after *LSD1* knockout ([Figure 2](#F2){ref-type="fig"}A); however, in contrast with the ES cell results, no change in global CoREST levels were observed in the *LSD1^−/−^* cells ([Figure 2](#F2){ref-type="fig"}B). This different expression pattern of CoREST may be due to the different cell types used in the present study.

![Loss of LSD1 does not result in changes in global level of histone marks, binding partner proteins or non-histone protein substrates\
Nuclear extracts (30 μg) from *LSD1^−/−^*, *LSD1^+/−^* and parental HCT116 cells were loaded in each lane and the methylation status of histone marks (**A**) and the global level of LSD1 binding partner proteins CoREST, HDAC1, HDAC2 (**B**) and DNMT1 (**C**) were determined by Western blot analysis. Total H3 or PCNA were used as loading controls for histone marks or LSD1 nuclear-binding proteins respectively. Whole-cell lysates were extracted from *LSD1^−/−^*, *LSD1^+/−^* and parental HCT116 cells, and Western blotting using 50 μg of whole-cell lysate from each cell line was performed to detect the protein expression level of p53 (**C**). Actin was used as a loading control.](bj2012-1360i002){#F2}

In addition to its histone substrates, LSD1 has been reported to demethylate Lys^370^ of p53 and repress p53-mediated transcription, as well as its apoptosis-promoting action \[[@B18],[@B26]\]. Additionally, the maintenance DNA methyltransferase DNMT1 has been implicated as another non-histone substrate. It has been reported that methylation of DNMT1 by SET7/9 increases protein turnover and, therefore, the loss of LSD1 demethylase activity was suggested to directly result in reduced levels of DNMT1 and global DNA methylation \[[@B13]\]. These observations prompted us to determine whether the loss of LSD1 affects the levels of either p53 or DNMT1 in HCT116 cells. The loss of LSD1 did not result in significant changes in the basal expression of either the p53 or DNMT1 protein ([Figure 2](#F2){ref-type="fig"}C), clearly indicating that LSD1 is not an absolute requirement for the stabilization of either p53 or DNMT1, as has been suggested previously \[[@B13],[@B26]\].

Since there were no obvious changes in the steady-state levels of either p53 or DNMT1 protein, we sought to determine if the activity of either protein could be affected in the *LSD1*-null cells. To test whether the DNA damage response of p53 was altered, parental HCT116, *LSD1^+/−^* and *LSD1^−/−^* cells were exposed to the DNA-damaging agent doxorubicin for 8 and 24 h, after which time the protein levels of p53 and its downstream target p21 were determined by Western blot analysis ([Figures 3](#F3){ref-type="fig"}A and [3](#F3){ref-type="fig"}B). For each cell line, endogenous p53 protein was activated upon treatment with doxorubicin ([Figure 3](#F3){ref-type="fig"}A) and led to increased p21 transcript and protein levels ([Figures 3](#F3){ref-type="fig"}A--[3](#F3){ref-type="fig"}C). These results indicated that the loss of LSD1 did not affect the function of p53 induced by the DNA damage response with respect to p21 transcription or protein levels. Interestingly, the basal level of p21 in *LSD1*-null cells was elevated compared with the parental HCT116 or *LSD1^+/−^* cells ([Figures 3](#F3){ref-type="fig"}A--[3](#F3){ref-type="fig"}C). This elevated p21 level was consistent with the reduction in cell proliferation and the increased population of cells in the G~1~-phase of the cell cycle that was observed in the *LSD1*-null cells, as discussed below. These results suggest that LSD1 may have a role in the regulation of cell proliferation via repression of p21, presumably in a p53-independent manner.

![Loss of LSD1 does not affect the stabilization or activity of p53 or DNMT1\
(**A**) A DNA-damaging agent induces p53 and p21 expression regardless of LSD1 status. Parental HCT116, *LSD1^+/−^* and *LSD1^−/−^* cells were exposed to 1 μM of doxorubicin (Dox) for the indicated times, followed by total protein extraction and Western blot analysis. Actin was used as a loading control. (**B**) Histograms represent the mean protein expression levels of p53 and p21 relative to actin ±S.E.M., as determined by quantitative immunoblotting using infrared detection and analysis. (**C**) Expression of *p21* mRNA is increased after DNA-damaging agent treatment. qPCR was used to assess the relative mRNA levels of *p21* in parental HCT116, *LSD1^+/−^* and *LSD1^−/−^* cells treated as in (**A**). (**D**) Global maintenance methylation (DNMT1 activity) does not change after loss of LSD1. Methylation analysis of the LINE-1 promoter was performed using the COBRA assay. Genomic DNA was isolated from parental HCT116, *LSD1^+/−^* and *LSD1^−/−^* cells, treated with sodium bisulfite and non-specific PCR was performed to amplify LINE-1 repetitive elements. The PCR products were then digested with HinfI, which only cuts repetitive elements that were originally methylated. The 285, 247, 166 and 128 bp fragments represent methylated repetitive elements and were not affected by the loss of LSD1. The digested products were separated by polyacrylamide gel electrophoresis and stained with ethidium bromide.](bj2012-1360i003){#F3}

To assess whether the promoter of *p21* is directly regulated by LSD1, which consequently would lead to an enrichment of activating histone marks, ChIP analysis was performed using anti-LSD1, anti-H3K4me1/me2/me3 and anti-H3K9ac antibodies in parental HCT116, *LSD1^+/−^* and *LSD1^−/−^* cells. The results confirmed that LSD1 is present at the proximal promoter of *p21* in wild-type HCT116 cells (Supplementary Figure S2 at <http://www.biochemj.org/bj/449/bj4490459add.htm>). However, the transcriptional activating marks H3K4me1/me2/me3 or H3K9ac were not altered in the proximal promoter of *p21* in *LSD1*-null cells. These results indicate that the up-regulation of p21 in *LSD1*-null cells was not directly mediated by changes in the histone targets of LSD1. Therefore it is possible that the increase of p21 in *LSD1*-null cells is an indirect response to the loss of *LSD1*.

To determine if the loss of LSD1 affects genome-wide DNA methylation, even in the absence of changes in steady-state DNMT1 protein levels, COBRA analysis was used to examine the methylation of LINE-1 repeat elements. This strategy has been successfully used as a reliable indicator of whole-genome methylation \[[@B34]\]. The COBRA analysis revealed that the loss of LSD1 did not affect levels of global methylation and, therefore, LSD1 is not an absolute requirement for the stabilization of DNMT1 or its activity ([Figure 3](#F3){ref-type="fig"}D).

On the basis of the observation that neither the global levels of the major histone targets nor the proposed non-histone targets were changed with the loss of LSD1, the possibility that known players in maintaining histone methylation status were compensating for the loss of LSD1 was examined. Lysine methylation is controlled *in vivo* by the opposing activities of lysine methyltransferases and lysine demethylases. Two classes of lysine demethylases have been identified: the FAD-dependent amine oxidases, of which two representatives are known to exist (LSD1 and LSD2), and the Jumonji C domain-containing proteins. LSD2, a homologue of LSD1, is an H3K4me1/me2 demethylase that specifically regulates histone H3K4 methylation within intragenic regions of its target genes \[[@B3]\]. JARID1A and JARID1B are members of the Jumonji C family of demethylases that specifically demethylate H3K4me1/me2/me3 marks that are associated with active genes \[[@B5]\]. SET7/9 is a human histone methyltransferase that can target H3K4 and regulate gene expression \[[@B38]\]. It can also methylate non-histone protein substrates and regulate their transcriptional activity \[[@B13],[@B39]\]. Since the global expression levels of H3K4me2, p53 and DNMT1 were not observed to change in *LSD1^−/−^* cells ([Figures 2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}C), we hypothesized that the increase of other histone lysine demethylases, such as LSD2, JARID1A and JARID1B, or a decrease of the histone methyltransferase SET7/9 might compensate for the loss of LSD1. To determine whether there were changes in any of these proteins resulting from the loss of LSD1, the nuclear protein expression levels of LSD2, JARID1A, JARID1B and SET7/9 were analysed in *LSD1^−/−^* cells. No significant changes in any of the proteins that would be the most obvious players to compensate for the loss of LSD1 were observed ([Figure 4](#F4){ref-type="fig"}). These results suggest the possible existence of another lysine demethylase capable of demethylating the histone and, potentially, non-histone substrates.

![Loss of LSD1 does not change global levels of the histone lysine demethylases LSD2, JARID1A and JARID1B, or the histone methyltrasferase SET7/9\
Nuclear extracts from *LSD1^−/−^*, *LSD1^+/−^* and parental HCT116 cells were analysed by Western blotting using 30 μg of nuclear extract from each cell line. PCNA was used as a loading control. The arrow indicates the correct size of LSD2.](bj2012-1360i004){#F4}

The loss of LSD1 significantly reduces cell proliferation
---------------------------------------------------------

LSD1 has the ability to broadly repress gene expression by removing the transcriptional activating mark H3K4me2 \[[@B15],[@B18]--[@B20],[@B23],[@B38]--[@B40]\]. It has also been implicated in maintaining the malignant phenotype by down-regulating tumour-suppressor gene expression and up-regulating the oncogenic phenotype \[[@B25],[@B27]--[@B31],[@B41]\]. Therefore we hypothesized that the loss of LSD1 would lead to a reduced growth rate in the colorectal cancer cells lacking LSD1. To this end, a 4-day growth curve of *LSD1^−/−^, LSD1^+/−^* and parental HCT116 cells was performed and indicated that there was a significant growth delay starting on day 2 in the *LSD1^−/−^* cells compared with the *LSD1^+/−^* and parental cells ([Figure 5](#F5){ref-type="fig"}A). This decrease in growth rate was accompanied by significant decreases in S- and G~2~/M-phase cells in the *LSD1*-null cells, with a concomitant increase in G~1~-phase cells ([Figure 5](#F5){ref-type="fig"}B). However, there was no indication that the decrease in the growth rate was accompanied by an increase in apoptosis, as there was no change in the sub-G~1~ (apoptotic) cell population ([Figure 5](#F5){ref-type="fig"}B). These results suggest that the loss of LSD1 expression leads to a partial restoration of tumour cell growth control that is concurrent with an up-regulation of the basal level of p21 expression ([Figures 3](#F3){ref-type="fig"}A--[3](#F3){ref-type="fig"}C) and not a result of increased apoptosis.

![Loss of LSD1 significantly reduces cell proliferation both *in vitro* and *in vivo*\
(**A**) The growth rate of *LSD1^−/−^* cells was compared with *LSD1^+/−^* or parental HCT116 cells by counting cells over a 4-day period following an initial plating density of 7.5×10^5^ cells per T-25 flask. (**B**) Cell-cycle analyses of *LSD1^−/−^*, *LSD1^+/−^* and parental HCT116 cells were performed by propidium iodide staining and FACS analyses. The percentages of cells with G~1~- (M~1~), S- (M~2~) or G~2~/M- (M~3~) DNA content are as indicated. (**C**) Subcutaneous tumours were generated by injecting 1.0×10^7^ cells into the flanks of nude mice. The measurement of tumours began 10 days after implantation and continued twice weekly for 7 weeks. Results are mean tumour volumes±S.E.M. (*n*=5).](bj2012-1360i005){#F5}

To determine whether the decrease in growth rate was simply an artefact of the *in vitro* conditions, we expanded our growth studies to an *in vivo* mouse model. Parental HCT116, *LSD1^+/−^* and *LSD1^−/−^* cells were implanted subcutaneously in BALB/c^nu/nu^ mice and their growth was followed for up to 7 weeks. Each genotype produced detectable tumours within 1--2 weeks after injection; however, the *LSD1^−/−^* cell tumours grew at a significantly slower rate than the tumours of *LSD1^+/−^* or parental HCT116 cells ([Figure 5](#F5){ref-type="fig"}C). Taken together, our *in vitro* and *in vivo* studies strongly suggest that LSD1 plays a critical role in the regulation of cell proliferation. Further, this decreased growth rate is consistent with previous *in vivo* studies showing a decrease in tumour growth rate when animals were treated with inhibitors of LSD1 \[[@B42]\], indicating that LSD1 is an important player in determining tumour growth rate.

Defining LSD1 target genes
--------------------------

Although global levels of H3K4 methylation were not altered in the *LSD1*-null cells, the growth studies clearly indicate that the loss of LSD1 significantly affects growth, suggesting that the loss of LSD1 alters gene expression profiles. Because LSD1 is a component of multiple transcriptional repressor complexes and thus has the ability to broadly repress transcription, we sought to determine the genes or gene families whose expression is directly or indirectly affected by LSD1. Therefore total RNA was isolated from *LSD1^−/−^, LSD1^+/−^* and parental HCT116 cells and used to perform a comparative microarray analysis using the Illumina HumanHT-12 v4 Expression BeadChip platform, which covers more than 47000 probes derived from the NCBI Reference Sequence database. Microarray data were normalized by robust spline normalization after variance-stabilizing transformation. With a *P* value-detection threshold of 0.01, probes with a detection call greater than 0 were selected and then filtered with a coefficient of variation greater than 0.1. Finally, a total of 84 probes that correspond to 72 genes were identified and a heat map was generated to compare the expression profiles between *LSD1^−/−^*, *LSD1^+/−^* and parental HCT116 cells ([Figure 6](#F6){ref-type="fig"}A). Although there was considerable similarity between the parental HCT116 cells and the *LSD1^+/−^* cells with respect to the gene expression profiles, significantly different expression patterns were observed in the 72 genes between the *LSD1^−/−^* cells and either the *LSD1^+/−^* or parental HCT116 cells. Interestingly, most of genes identified were functionally related to the immune response. An analysis of the functionally related gene groups among our up- or down-regulated LSD1 target gene list was performed using the DAVID (database for annotation, visualization and integrated discovery) and confirmed an enrichment in the expression of the genes involved in the immune response.

![Loss of LSD1 leads to changes in gene expression\
(**A**) A heat map was generated to compare gene expression patterns between the three genotypes. Columns represent the samples and rows represent the probes. The key in the upper left-hand corner shows the relative differential expression corresponding to the colours in the heat map. (**B**) qPCR validation on genes up- and down-regulated in *LSD1^−/−^* cells. Values are expressed relative to the level of gene expression in parental HCT116 cells and normalized against GAPDH. Results are means±S.E.M. (*n*=3). (**C**) qPCR validation of *AIM1* (absent in melanoma 1) and *VIM* expression in xenograft tumours. Values are expressed relative to the level of gene expression in tumour xenografts of parental HCT116 cells and normalized against GAPDH.](bj2012-1360i006){#F6}

To further verify the microarray results, the expression levels of ten up-regulated and five down-regulated genes were quantified by qPCR ([Figure 6](#F6){ref-type="fig"}B). With the sole exception of *HIST1H4K* (histone cluster 1, H4k), the qPCR results were concordant with the microarray analyses. *ARHGAP24* (Rho GTPase activating protein 24) showed an increase in expression in the *LSD1^−/−^* cells relative to the *LSD1^+/−^*, but not the parental HCT116 cells. We then chose two of the most up-regulated genes, *AIM1* (absent in melanoma 1) and *VIM* (vimentin), for further validation of expression in mouse tumour xenografts. Both genes demonstrated significant increases in the tumours generated by the *LSD1^−/−^* cells relative to the *LSD1^+/−^* or parental HCT116 cells ([Figure 6](#F6){ref-type="fig"}C). These data indicate a correlation between LSD1 loss and increased LSD1 target gene expression both *in vitro* and *in vivo*.

In order to verify that the up-regulation of these genes was a result of being a direct target of LSD1, ChIP was performed to test the occupancy of LSD1 at the target promoters in parental HCT116 cells. We chose four genes, *VIM*, *VAT1L* (vesicle amine transport protein 1 homologue-like), *IFI6* (interferon α-inducible protein 6) and *IL8* (interleukin 8), mapped LSD1 localization at several sites in their promoters, and observed higher levels of LSD1 occupancy at sites near the TSSs (transcription start sites) than at more distal 5′-regions (approximately 3000 bp upstream of TSS) ([Figure 7](#F7){ref-type="fig"}A). Furthermore, in the absence of LSD1, we detected increases in the levels of H3K4me2/me3 and H3K9ac around the TSS of the *VAT1L* gene ([Figure 7](#F7){ref-type="fig"}B), indicative of the loss of LSD1 enzymatic activity and increased transcription. These data indicate that the loss of LSD1 at the promoters of specific genes greatly influences the abundance of activating histone marks with concomitant increases in the expression of target genes.

![Loss of LSD1 at the promoters of specific genes increases the levels of active histone marks with concomitant increased expression of target genes\
(**A**) Quantitative ChIP analysis was used to determine the occupancy of LSD1 at the promoters of *VAT1L, VIM, IFI6* (interferon α-inducible protein 6) and *IL8* (interleukin 8) in parental HCT116 cells. The schematic indicates the relative positions of primers used for quantitative ChIP. The relative enrichment of LSD1 levels for the distal promoter region of each gene (approximately −3000 bp from the TSS) was set to a value of 1. (**B**) The composite graph indicates the enrichment of histone marks at the indicated region of the *VAT1L* promoter. The relative enrichment of histone marks for parental HCT116 cells was set to a value of 1. Results are means±S.E.M. for three independent immunoprecipitations with PCR performed in triplicate.](bj2012-1360i007){#F7}

The results of the present study are surprising in that the loss of LSD1 did not alter the global levels of H3K4 methylation or change the stability or the activity of two proposed non-histone protein targets of LSD1, p53 and DNMT1. It is possible that the differences observed are a result of previous studies conducted in transient knockdown systems compared with this long-term knockout system. It is clear, however, that the loss of LSD1 does have a profound effect on gene expression, and at least some of those changes are concurrent with local increases in the enzymatic target of LSD1, the H3K4me2 transcriptional activating mark. These results suggest two possibilities: (i) the existence of an unidentified histone demethylase that compensates for the loss of LSD1 in both histone and non-histone protein demethylation and/or (ii) DNMT1 and p53 are not actual substrates of LSD1.

Finally, the high expression of LSD1 in several types of cancer, coupled with the known roles of this enzyme in transcriptional repression, has heightened interest in LSD1 as a potential therapeutic target for cancer \[[@B39],[@B40],[@B43]--[@B45]\]. *In vitro* results using LSD1 inhibitors in the treatment of cancer cells have resulted in increases in methylated H3K4 with increased expression of various previously silenced tumour-suppressor genes \[[@B38],[@B42]\]. The *in vivo* treatment of established human colon tumours in nude mice with inhibitors of LSD1 resulted in a dramatic decrease in tumour size, and the use of LSD1 inhibitors in combination with a DNMT1 inhibitor demonstrated a synergistic reactivation of specific aberrantly silenced genes with a concurrent synergistic growth inhibition of the established xenografts \[[@B42]\]. Additionally, LSD1 inhibitors have been demonstrated to reactivate differentiation pathways in ATRA (all-*trans* retinoic acid)-resistant human leukaemia cells when used in combination with ATRA \[[@B42]\]. These data firmly establish LSD1 as a target for chemotherapy and demonstrate that inhibitors of this enzyme have considerable promise, both when used alone and in combination with other agents. Importantly, the *LSD1^−/−^* model described in the present study will provide an excellent platform, which should allow the definition of the specific roles of LSD1 in tumour formation, aid in the discovery of new LSD1 inhibitors, and define the on-target and off-target effects of potential LSD1 inhibitors.
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